A model of leakage current in Al/HfO 2 /SiO 2 /Si MOS (metal-oxide-semiconductor) capacitors is given by adopting the tunnel current model in SiGe-based heterojunction bipolar transistors. The velocity of an electron in the metal gate, which originates from the coupling between longitudinal and transverse (in-plane) kinetic energies, and the anisotropic mass of the substrate were included in the leakage current model. It was found that the leakage current obtained by including the gate electron velocity is lower than that calculated without the coupling effect and the leakage current decreases with an increasing gate electron velocity. However, the leakage current is not significantly influenced by the silicon substrate orientation. If a measured leakage current in the high-K dielectric stack MOS with Si(100) substrate were much higher than that in the MOS with Si(111) as observed in the conventional MOS, then the gate electron phase velocity in the latter would be higher. A small increase of the equivalent oxide thickness (EOT) of HfO 2 will decrease the tunnel current appreciably and tunnel current oscillations become visible as the EOT becomes thicker. Oscillatory behavior of the tunnel current is due to resonance states in the quantum well formed in high-K dielectric stack at high electric fields.
INTRODUCTION
A reduction in dimensions of silicon-based metal-oxide-semiconductor field-effect transistors (MOSFETs) requires a thinner SiO 2 gate oxide. However, when the gate oxide thickness is less than 1.5 nm, enormous leakage current occurs and power dissipation becomes significantly high because of a direct tunnel effect. In order to reduce the leakage current, high-K gate dielectrics with equivalent electrical oxide thickness but higher physical thicknesses are employed. Several high-K gate dielectrics have been investigated to replace SiO 2 . Among them, HfO 2 and hafnium-based silicates are promising due to their good thermal stabilities and favorable energy band alignments to Si (100) [1, 2] . An ultrathin interfacial oxide layer, which often forms during the fabrication process, has been used for a high quality Si-SiO 2 interface underlying the high-K gate dielectrics. Thus, gate oxides expected to replace SiO 2 are stacks of an ultrathin SiO 2 and a high-K layer, which are in short known as high-K gate stacks.
Several models or methods have been proposed and used to calculate the leakage current in high-K gate stack-based MOS capacitors [2] [3] [4] [5] [6] . However, they did not consider the effects of coupling between longitudinal and transverse (in-plane) motions and anisotropic masses of electrons in the capacitors. On the other hand, we have very recently developed a model of tunnel currents in SiGe-based heterojunction bipolar transistors (HBTs) with inclusion of the two effects [7] . The coupling of longitudinal and in-plane motions was represented by a phase velocity of electrons in the emitter of HBT.
In this paper, we present leakage currents in Al/HfO 2 /SiO 2 /Si MOS capacitors calculated using the model for the SiGe-based HBTs. The leakage current as a function of the phase velocity of electrons in the metal gate is investigated. In addition, the effect of anisotropic mass of the silicon substrate on the leakage current is also examined. Calculated results due to the effects will be discussed.
THEORETICAL MODEL
In calculating leakage currents in Al/HfO 2 /SiO 2 /Si MOS capacitors, we employed the model developed for SiGe-based HBTs. The model starts from the description of an electron in an anisotropic material under the parabolic-band effective mass approximation and the considerations that the spatially varying effective mass tensor is an extension of the scalar effective mass case and the potential energy V is only dependent on the z-direction as given in Eq. (1) [8] . Under the application of a negative voltage to the metal gate, electrons tunnel through the high-K gate stack from the metal gate towards the silicon substrate. The potential profile due to the negative gate voltage as illustrated in Fig. 1(b) is easily found by using basic electrostatics and it can be mathematically expressed as The electron wavefunction ) (r r Θ in Eq. (1) for the Al/HfO 2 /SiO 2 /Si MOS capacitor was similar to that for the SiGe-based HBT. However, the electron wavefunction in the HfO 2 layer was represented by a linear combination of Airy functions [10] due to the linear potential profile in the region as given in Eq. (2). After applying boundary conditions derived from the continuity conditions of the electron wavefunction and the position derivative of the electron wavefunction [8] at the Al|HfO 2 , HfO 2 |SiO 2 , and SiO 2 |Si interfaces, the transmittance of electrons tunneling through the high-K stack was easily found and it certainly depends on the phase velocity of electrons in the metal gate and anisotropic mass of the substrate. The electron transmittance was then used to calculate leakage current j z by using the standard equation as written in Eq. (3) [11] .
Here, k is the Boltzmann constant, T is the temperature, h is the reduced Planck constant, n v and m d are the number of valleys and the density of states mass of silicon, respectively, and D is the electron transmittance.
CALCULATED RESULTS AND DISCUSSION
If not mentioned otherwise, the following parameters were employed for obtaining leakage currents in the Al/HfO 2 /SiO 2 /Si MOS capacitor. It is shown that the leakage currents increase with the increase of oxide voltage. It is also seen that the leakage current calculated without the coupling effect is higher than those obtained by including the gate electron phase velocities in the range of 1 to 3×10 5 m/s. Moreover, the leakage current decreases as the gate electron phase velocity increases. This is because the gate electron phase velocity results in an effective potential barrier higher than the barrier given in Eq. (2) as already explained in Ref. 7 . Since two purposes of the downscaling of MOSFETs are enhancing the speed and reducing the power dissipation [14] , these results suggest that the Al/HfO 2 /SiO 2 /Si(100) MOS capacitor could fit the two purposes. (111) substrates. However, the difference among the leakage currents is insignificant, which implies that the leakage current in the MOS capacitor is almost independent of the substrate orientation. Furthermore, the leakage currents in the MOS capacitors with Si (110) and (111) substrates also decrease as the gate electron phase velocity increases although the results are not illustrated here. Therefore, the MOS capacitors with any substrate orientations could match the two purposes of downscaling MOSFETs. On the other hand, it has been experimentally found that the leakage current in the Al/SiO 2 /Si(100) capacitor is much higher than that in the Al/SiO 2 /Si(111) one [15] . If a measured leakage current in the high-K dielectric stack MOS with Si(100) substrate were much higher than that in the MOS with Si(111), then the gate electron phase velocity in the latter would be higher as explained in Fig.  2 . The effect of electron effective mass in the HfO 2 layer on leakage current in the MOS capacitor is demonstrated in Fig. 4 . Here, the electron effective masses of HfO 2 (m HfO2 ) of 0.17 m 0 and 0.4 m 0 were used [1, 16] . It is shown that the leakage current for m HfO2 of 0.4 m 0 is about eight orders of magnitude lower than that for m HfO2 of 0.17 m 0 . It implies that the variation of m HfO2 affects the leakage current considerably and the increase of m HfO2 results in the decrease of leakage current. Therefore, the electron effective mass of HfO 2 must be accurately determined. Figure 5 illustrates the effect of HfO 2 thickness on the leakage current. It is seen that the leakage current oscillations in direct tunnel regime occur at oxide voltages higher than 3 V. In addition, a slight increase of the equivalent oxide thickness (EOT) of HfO 2 decreases the leakage current significantly and the oscillations become visible as EOT of HfO 2 gets thicker. The tunnel current oscillations in direct tunnel regime happen at oxide voltages higher than the conduction band discontinuities of Si|SiO 2 Φ b because an electric field-induced quantum well appears in the high-K dielectric stack as shown in Fig. 1(b) and resonance states exist in the quantum well at high electric fields [17] . This oscillatory behavior has been studied and used to estimate oxide thickness with high accuracy [18, 19] .
CONCLUSIONS
We have modeled leakage currents in Al/HfO 2 /SiO 2 /Si MOS capacitors by adopting the model of tunnel current in SiGe-based heterojunction bipolar transistors in which the gate electron velocity and anisotropic mass of the substrate were included. We have found that the leakage current obtained without including the coupling of longitudinal-transverse kinetic energies is higher than that calculated by including the gate electron velocity and an increase in the gate electron velocity causes a decrease in the leakage current. On the other hand, the silicon substrate orientation affects the leakage current insignificantly. In addition, we have also shown that the leakage current decreases considerably with increasing the electron effective mass in HfO 2 and leakage current oscillations in the direct tunnel regime are also observed.
